Abstract: A hybrid radio frequency (RF) and visible light communication (VLC) system can provide better data rate performance and user experience, and only the hybrid RF/VLC systems that use independent RF access points (APs) and VLC APs have been currently considered. However, a hybrid design in baseband can more centrally allocate various resources. In this paper, a new hybrid RF/VLC orthogonal frequency division multiplexing (OFDM) baseband is presented. Different from conventional OFDM baseband, the new baseband combines both RF link and VLC link in the physical layer. IQ modulation is used in RF link, whereas intensity modulation and direct detection are used in VLC link. Furthermore, the proposed hybrid of radio and optical OFDM (HRO-OFDM) scheme can better combine the different features in RF and VLC link. Based on the new hybrid baseband and HRO-OFDM, we improve the conventional optimization and consider both power allocation and bandwidth allocation. Compared with some conventional designs like RF OFDM baseband design, VLC OFDM baseband design and hybrid RF/VLC design, results show that our new design can achieve better performance and adaptively allocate bandwidth in RF/VLC links under the different distances between user and the baseband.
Introduction
Visible light communication (VLC) can provide higher bandwidth and anti-interference from electromagnetic sources [1] , which makes it become a preferred communication technique in both academia and industry [2] , [3] . Besides, Light Emitting Diodes (LEDs) are widely used in VLC system because of some advantages such as Long Life, Energy Efficiency and Durable Quality. Hence they further motivate the use of VLC [4] . With the development of LTE and WLAN, orthogonal frequency division multiplexing (OFDM) becomes a mainstream technology in wireless communication. Because OFDM is an effective solution to inter-symbol interference (ISI) caused by a dispersive channel, many researches use OFDM in Optical wireless systems to gain a higher rate [5] - [7] .
Different from those RF OFDM systems like LTE and WLAN where IQ modulation is widely used, optical wireless systems use intensity modulation and direct detection (IM/DD). The intensity carries signals from transmitter to receiver and cannot be negative. This means that the transmitted signals must be real and positive. In order to make OFDM compatible with VLC link, sundry kinds of OFDM schemes are proposed, the main OFDM schemes are ACO-OFDM [8] , DCO-OFDM [9] and Flip-OFDM [10] , [11] . In DCO-OFDM systems, a DC bias is in addition to the normal OFDM symbol to reduce the amount of signal distortion and noise induced by negative clipping. In ACO-OFDM, only the odd indexed subcarriers are modulated and the negative signals are clipped to zero during transmission. Apart from that, many papers consider deploying hybrid RF/VLC systems in order to provide enhanced coverage [12] , [13] and high data rates [14] . From [14] , it shows us that VLC only can provide high data rate in specific areas like indoor short-range communication. In the indoor short-range area, even though the bandwidth of LEDs is limited, VLC channel is good and can support the higher-order modulation because VLC channel only has large-scale fading. However, RF channel has both large-scale fading model and small-scale fading. Unlike VCL channel on which the distance has a great influence, RF can provide a stable rate ubiquitously. Because of these features, the hybrid RF/VLC systems should provide better data rate performance and user experience, and many researches have proved that VLC and RF are complementary technologies [15] .
However, the hybrid designs proposed for RF/VLC system only use independent RF APs and VLC APs [13] - [18] , and a hybrid design in baseband has never been considered. In this paper, we propose a hybrid RF/VLC OFDM design in baseband. [19] shows us that both power and bandwidth allocation in physical layer are feasible. Due to the extra bandwidth allocation, the design in baseband should be better than conventional hybrid system, and we prove it through a mathematical model and simulation. Depending on our simulation, the results show that the new hybrid baseband outperforms conventional designs like RF OFDM baseband design, VLC OFDM baseband design and hybrid RF/VLC design. The main contributions of this paper can be summarized as follows.
1) Hybrid baseband: In order to combine features in RF/VLC link, a new baseband design is proposed, and we deal with the time synchronization problem, the allocation of bandwidth and the scale of hardware problem. 2) HRO-OFDM scheme: The proposed hybrid of radio and optical OFDM (HRO-OFDM) scheme is designed for adaptively allocating both power and bandwidth in each link. Under the limit of bandwidth and power, the HRO-OFDM scheme can use the optimal allocation of both power and bandwidth. 3) Improved optimization: Based on hybrid baseband and HRO-OFDM scheme, we optimize the channel capacity by formulating the bandwidth and power allocation as a optimization problem. Compared with conventional hybrid design with independent RF APs and VLC APs, it achieve a higher rate. The remainder of this paper is organized as follows. In Section 2, a hybrid design in baseband is introduced in detail, and we compare the new design with a few common designs, such as RF OFDM baseband design, VLC OFDM baseband design and hybrid RF/VLC design. HRO-OFDM scheme is presented and analyzed in Section 3. Under HRO-OFDM scheme, we achieve a higher rate with limited bandwidth and power. the performance of new design and some conventional designs are compared in Section 4. The paper concludes in Section 5.
Hybrid Design in Baseband
In this section, we design an indoor hybrid RF/VLC OFDM baseband in both transmitter and receiver. Because VLC and RF have different channel features and use different modulations and the modulations in VLC and RF are, respectively, IM/DD and IQ modulation. According to the design of RF OFDM system [19] - [21] and VLC OFDM system [22] , the new hybrid RF/VLC baseband makes RF and VLC compatible with each other. Then we compare the new design with some conventional RF or VLC system. 
Design of New Hybrid RF/VLC OFDM Baseband
The new hybrid RF/VLC baseband is based on the standard OFDM proposed by IEEE Std 802.11a and DCO-OFDM. and we use several new modules to solve some problems.
1) Bandwidth and Power Divider (BPD) and Bandwidth and Power Combiner (BPC):
BPD and BPC are intended to solve the power and bandwidth allocation problem. According to the feedback channel matrix, BPD can allocate bandwidth and power into RF and VLC links adaptively, which depends on Alg. 2. BPC is similar to BPD. Here is the process of BPD.
Step 1 Read the feedback channel matrix.
Step 2 Use the optimal bandwidth and power allocation algorithm shown in Alg. 2 to obtain the index of the chosen sub-channels and the power in each chosen sub-channels.
Step 3 Use Levin-Campello algorithm to convert the allocated power into an integer number of bits in per sub-channel [20] .
Step 4 compute the number of bits the BPD should read.
Step 5 Read bits from Bit source and allocate the bits into per chosen sub-channel through the scheme that Step 3 provides. 2) Hybrid IFFT: Hybrid IFFT is designed to solve how to ensure that the signal in each link is outputted at the same time because symbols are ordered. In addition, there is no great improvement in hybrid IFFT. It is made of two sub-IFFT modules with the same clock, and each sub-IFFT module is conventional IFFT. However, the symbols in RF/VLC links are ordered and should be sent to the air together in each link. In order to fix that problem, we use a clock to control these two sub-IFFT modules. The receiver is also illustrated in Fig. 1 . Due to similar modules in both transmitter and receiver, we give a brief description about receiver.
1) RF/VLC link to hybrid FFT
After DAC and re-moving CP, the signals from two links are through the hybrid FFT in order to be transformed into frequency domain signals.
2) hybrid FFT to demodulation and BPC
Because of CSI, demodulator knows the different modulation mode in different sub-carriers. Furthermore, BPC uses CSI to combine sub-sequences into bit sequence that is ordered in transmitter.
Comparison Between New Design and Conventional Designs
There are a few common designs, such as RF OFDM baseband design, VLC OFDM baseband design and hybrid RF/VLC design. Compared with them, our new design has some new features.
Compared with RF or VLC OFDM baseband design. RF can provide a wider ranging while VLC can provide a more stable channel. Because of these features, the hybrid RF/VLC system provides a higher rate [14] , [15] , in our design, even though the hybrid RF/VLC OFDM baseband needs to add several modules, it makes us easy to allocate the symbols into RF/VLC sub-carriers that are good enough. Therefore, the cost-performance ratio is still acceptable.
Compared with conventional hybrid RF/VLC system design. We find that most papers study in the hybrid RF/VLC design that uses independent RF APs and VLC APs [14] , [15] , [17] . In conventional hybrid RF/VLC design, one user holds bandwidth 2B and each link is given bandwidth B (B rf,totally ≥ 2B , B vlc,totally ≥ 2B ), when the user is far away from these APs, the power will not be allocated into VLC link, then the user actually only holds B . Because of this kind of structure, they can only consider allocation of power, and this will lose a gain from bandwidth. However, our new design can solve the problem in baseband. BPD holds 2B and allocate it into RF/VLC links adaptively. In addition, if one of the two links is extremely bad, BPD will give another link all the bandwidth 2B (B rf,totally ≥ 2B , B vlc,totally ≥ 2B ). Besides, higher integration in circuit can reduce the scale of hardware.
Compared with these conventional designs, the new hybrid baseband design has a higher rate. Because of the feature of RF and VLC channel, it provides a higher rate. Furthermore, compared with conventional hybrid RF/VLC system design, the new hybrid baseband design has less scale of hardware and lower latency. We combine RF/VLC baseband into a whole baseband, there is no doubt that the scale of hardware should be less than the conventional hybrid RF/VLC system with independent RF APs and VLC APs. Moreover, different APs use different clocks, and there always is error in different crystal oscillators. It is not easy to transmit signal together. However, RF/VLC links in the same baseband can easily deal with that problem due to using the same crystal oscillator.
HRO-OFDM Optimization
According to Section 2.2, the new design can allocate bandwidth and power together. In this section, we analyze in detail the HRO-OFDM scheme in terms of the channel capacity.
Problem Formulation
Because HRO-OFDM is based on DCO-OFDM in VLC link, a DC-bias ensures that the transmitted signal is nonnegative. the modulated signals in the frequency domain satisfy the following condition:
where N is the size of IFFT. In [23] , it is assumed that X (K ) = a(K ) + jb(K ) is a zero mean complex random variable with variance σ 2 K and the time domain signal can be expressed as
where
According to [22] , [23] , the transmitted electrical power can be derived as:
where = stands for definition, and (3) can be also expressed as
)du is the Q-function. and λ, which is nonnegative, is DC-bias factor.
Therefore, after normalizing the energy of symbols, from (3) and
, the transmitted power in our new design is
where N rf is the number of RF sub-carriers and N vlc is the number of VLC sub-carriers. P n is the power in n-th RF or VLC sub-carrier.
We evaluate the performance of HRO-OFDM scheme though channel capacity. from Section 2.1, the transmitted signals using HRO-OFDM scheme in frequency domain can be described as
where x vlc /x rf is the symbols allocated into RF/VLC link, M vlc /M rf is diagonal matrix with the (n,n)-th entry being
Therefore, the received signal from two links in new baseband can be expressed as: From (5) and [24] , [25] , the channel capacity of HRO-OFDM (bit/s/Hz) is
where d γ is path-loss in RF link and N 0 is the noise variance. H rf,n /H vlc,n is the n-th entry in h rf /h vlc . In order to describe H rf,n /H vlc,n and h rf /h vlc , we should establish channel model for them. Firstly, we consider a classic multi-path RF channel mathematical model [26] , the discrete expression in time domain is
where α m is channel gain of the n-th multi-path, τ m is the delay of the n-th multi-path. From [27] , [28] , channel gain in a indoor wireless communication model obeys Rician distribution of which the PDF is
, K is the ratio of the specular power to scattered power.
Secondly, Light beams propagate from the LED to the receiver via two main channels: light of sight (LOS) and diffuse channels. From [23] , [29] , The channel impulse response is modeled as
where LOS is the LOS component, h diffuse (t − τ) is the diffuse component. the LOS component is expressed as
where A Rx is the detection area of the Photodiode(PD), d and ψare, respectively, the distance and angle of incidence form the LED to the PD, is the field of view (FOV) of the receiver. According to Lambertian radiant intensity,
, where m is the order of Lambertian emission, and is related to the transmitter semi-angle(at half power), φ 1/2 , as m = − ln 2/ ln(cos φ 1/2 ). In the frequency domain, (9) can be expressed as
where f 0 is the 3-dB cut off frequency, and η diff is modeled as
when the room is empty and uses only one reflective surface material, the reflectivity ρ 1 = ρ . From [30] , the VLC bandwidth is under the limit of LED bandwidth, therefore, the equivalent VLC channel impulse response can be expressed from (9) and [31] as
where r is the responsivity of PD. g(t) = e −2πf b t is the normalized impulse response of the LED, where f b is the 3-dB modulation bandwidth of the LED.
Finally, According to (7) and (13) ,
N , where h vlc (k) is h vlc (t) in the discrete form.
Optimization and Solution
In [15] , [17] , the hybrid RF/VLC system with independent RF APs and VLC APs can only allocate the power, when the user is far from APs, VLC link may not provide a reliable rate, but the user still occupies this part of bandwidth. Therefore, there must be a optimal way to allocate the bandwidth in order to improve the rate. However, because of that design, it is not easy to allocate the resource in the physical layer. Due to our new hybrid design in baseband, we can improve the rate from the allocation of bandwidth. Besides, from (4), due to the DC-bias in VLC link, there is a part of power loss that we should consider.
It is assumed that one user can hold bandwidth B user , and the frequency interval of each subcarrier is f , then the number of sub-carriers, which one user can use, is N user = B user / f . Under the fixed number of sub-carriers N user and transmitted power P , and from Eqs. (4) and (6), we optimize HRO-OFDM channel capacity R HRO by formulating the bandwidth and power allocation as a optimization problem. Here are two simple examples between the conventional optimization and improved optimization in Figs. 2 and 3 . It is assumed that there are 32 sub-channels in each link, and totally 32 subchannels are allocated to one user from both RF and VLC link. the conventional optimization only considers the power allocated and it can only consider the power allocated because the independent RF APs and VLC APs have been used. However, we improve the optimization through both power and bandwidth allocated in our new hybrid baseband design.
Because N vlc , N rf are variables in this optimization problem, the problem becomes a non-convex problem, we need to use a iterated algorithm to solve the problem. When N vlc and N rf are fixed, the problem is convex, and the optimal power allocation is 
while True do 4: K pre = size(I vlc ) + size(I rf )
for i ∈ I vlc , j ∈ I rf do 7:
remove i or j from I vlc or I rf 10:
end if 11:
end for 12:
K now = size(I vlc ) + size(I rf ) 13:
if K now == K pre then 14: break 15:
end if 16: end while 17:
where λ is Lagrange Multiplier, (y) + = max{0, y}. According to (15) , the power allocation algorithm is shown in Alg. 1 and can be summarized as follows.
Step 1 Compute Lagrange Multiplierλ by using all the available sub-channels.
Step 2 Compute the power allocated into each sub-channel, and remove all the sub-channels of which the allocated power is less than zero. If all the sub-channels of which the allocated power is great than zero, the algorithm will end. Otherwise proceed with Step 1.
Step 3 The output I op obtains the indexes of the chosen sub-channels. P op obtains the allocated power of the corresponding sub-channel. Cap is the channel capacity. The whole optimal bandwidth and power allocation algorithm is shown as Alg. 2. Alg. 1 is the power allocation part in Alg.2. At first, we choose a ratio of N rf to N vlc , then the bandwidth in each link is fixed, we can use Alg. 1 to work out the corresponding channel capacity. At last, the optimal allocation of power and bandwidth can be found.
Simulation Results

System Setup
In this simulation, we consider a room of which the size is 6 m × 6 m × 3 m. The room is empty, and only one reflective material is on its surface. As shown in Fig. 4 , we build a Cartesian coordinate system in the room. The coordinate of the transmitter is (0, 0, 3), which is located at the center of the ceiling, and the receiver is loacated at 1 meter above the ground. In RF link, K factor in Rician distribution is 15. In VLC link, the DC-bias factor λ is 1.5, the 3-dB modulation bandwidth of the LED is 20 MHz, both RF and LC link hold 20 MHz, and the frequency interval of each sub-carrier is 78.125 kHz. We assume that the bandwidth allocated to one user is 20 MHz, there is no ISI in the system. Therefore, the number in sub-carriers N in each link is 256. Other system parameters are given in Table 1 .
Algorithm 2:
Optimal bandwidth and power allocation algorithm.
end if end for 10: 
System Performance
We evaluate the performance of our new design and some conventional designs through channel capacity. The rate distribution in the room is shown as Fig. 5 , the coordinate (0, 0, 1) is where receiver is exactly under the transmitter. The relationship between the distance from transmitter to receiver and the channel capacity of three conventional designs is shown in Fig. 6 . Each design holds the same power P and bandwidth B , and the bandwidth of each link is B /2 in the conventional hybrid RF/VLC system. The conventional hybrid RF/VLC system with independent RF APs and VLC APs uses, respectively, the standard OFDM proposed by IEEE Std 802.11a and DCO-OFDM. Under the optimal allocation of power proposed in Alg. 1, the conventional hybrid RF/VLC system can provide 3 bit/s/Hz at 2 meters, and the rate is still highest when the distance is less than 3.5 meters. However, when the user is beyond the FOV, VLC link cannot work normally and only the RF link with bandwidth B /2 can provide the rate. Hence, when the distance is more than 3.5 meters, the performance becomes worse than RF OFDM design due to the limit of FOV in VLC link. Besides, the new hybrid baseband design has solved that problem. The result has been shown in Fig. 7 .
The comparison between new hybrid baseband design and conventional hybrid system design is shown as Fig. 7 . At 2 meters, the rate of new hybrid baseband design is higher than hybrid RF/VLC design by 0.5 bit/s/Hz. The result shows that the new hybrid baseband design with HRO-OFDM can provide a higher rate than the other designs due to the extra bandwidth allocation. Unlike conventional hybrid RF/VLC design of which the rate becomes worse than RF OFDM design when the distance is more than 3.5 meters, HRO-OFDM can still keep balance between the RF link and VLC link because of the adaptive bandwidth allocation under the different distances. It means that all the bandwidth is given to RF link when the user is far from the new baseband. Therefore, the rate is close to the rate in a RF OFDM link with bandwidth B , which can avoid a degradation in performance.
The comparison of BER between new hybrid baseband design and conventional hybrid system design is shown as Fig. 8 . Conventional hybrid design uses DCO-OFDM in VLC APs and standard OFDM in RF APs while new hybrid baseband uses HRO-OFDM scheme. We find that there is no obvious BER performance gap in the lower-order modulation. Only in the higher-order modulation, the BER performance of new hybrid baseband is better than the conventional hybrid design. Besides, the feature of HRO-OFDM scheme is to allocate the power and bandwidth adaptively, and it is not easy to be shown in the fixed modulation mode. On the other hand, in our hybrid baseband design, we achieve a higher user rate whereas there is no loss on BER performance.
Conclusion
We propose a hybrid RF/VLC OFDM baseband with HRO-OFDM scheme, which combines the different features in RF and VLC links. Due to the design in baseband, we make it possible to allocate both power and bandwidth. Moreover, we optimize channel capacity under the limit of power and bandwidth as a optimization problem. Because of the extra bandwidth allocation, the new design can achieve a higher rate than other conventional design. Besides, unlike conventional hybrid design with independent RF APs and VLC APs, our optimization can allocate the bandwidth adaptively to avoid a degradation in performance when user is far from the baseband.
